In this study, a regional dynamical model (WRF) is used to drive biogenic emission models to calculate high resolution (10 × 10 km) biogenic emissions of isoprene (C 5 H 8 ), monoterpenes (C 10 H 16 ), and nitric oxide (NO) in China. This high resolution biogenic inventory will be available for the community to study the effect of biogenic emissions on photochemical oxidants in China. The biogenic emissions are compared to anthropogenic emissions to gain insight on the potential impact of the biogenic emissions on tropospheric chemistry, especially ozone production in this region. The results show that the biogenic emissions in China exhibit strongly diurnal, seasonal, and spatial variations. The isoprenoid (including both isoprene and monoterpenes) emissions are closely correlated to tree density and strongly vary with season and local time. During winter (January), the biogenic isoprenoid emissions are the lowest, resulting from lower temperature and solar radiation, and highest in summer (July) due to higher temperature and solar radiation. The biogenic NO emissions are also higher during summer and lower during winter, but the magnitude of the seasonal variation is smaller than the emissions of isoprene and monoterpenes. The biogenic emissions of NO are widely spread out in the northern, eastern, and southern China regions, where high-density agricultural soil lands are located. Both biogenic NO and isoprenoid emissions are very small in western China. The calculated total biogenic emission budget is smaller than the total anthropogenic VOC emission budget in China. The biogenic isoprenoid and anthropogenic VOC emissions are 10.9 and 15.1 Tg year − 1 , respectively. The total biogenic and anthropogenic emissions of NO are 5.9 and 11.5 Tg(NO) year − 1 , respectively. The study shows that in central eastern China, the estimated biogenic emissions of isoprenoids are very small, and the anthropogenic emissions of VOCs are dominant in this region. However, in northeastern and southern China, there are relatively large biogenic emissions of isoprenoids, leading to an important impact on the ozone production in these regions. Furthermore, the emissions of isoprenoids are highest during summer and noontime, which correlates to the peak of ozone production period. For example, the ratio between summer and winter for the emissions of isoprenoids is about 15 in China. As a result, the biogenic emissions of isoprenoids are significantly larger than the anthropogenic emissions of VOCs in China during daytime in summer. Biogenic NO emissions are mostly produced by agricultural soils which co-exist with large populations and human activity. As a result, the biogenic emissions of NO are mostly overlapped with the anthropogenic emissions of NO, leading to the enhancement in NO concentrations in the high anthropogenic NO emission regions. Finally, the future emissions of isoprene and monoterpenes over China are estimated. The results show that the future biogenic emissions may increase significantly due to land cover changes in central eastern China, which could have a very important impact on ozone formation in this region. However, these estimates are highly uncertain and are presented as a potential scenario to show the importance of possible changes of biogenic emissions in China.
Introduction
China is undergoing major economic changes, leading to heightened energy usage and a significant increase in pollutant emissions. For example, the energy consumption in China has increased more than 300% from 1973 to 2002 (IEA, 2004 . The rapid increase in the energy usage will lead to a substantial increase in the anthropogenic emissions of VOCs (volatile organic compounds) and NO (nitrogen monoxide). Because VOCs and NO x (NO + NO 2 ) are precursors of ozone formation, the rapid increase in the emissions of VOCs and NO x can possibly result in enhancement of ozone production in China . The anthropogenic emissions over Asia, including China, have been estimated by Streets et al. (2003) and provide useful information for understanding the origin of air pollutants, especially for our modeling community. However, the emission inventory described by that study does not include biogenic emissions. There are a few measurements of biogenic VOC emissions, including grasslands in northern China (He et al., 2004) , and tropical forest in southern China (Wang et al., 2005a, b; Baker et al., 2005; Geron et al., 2006) . To fully understand the chemistry in China and to model the distributions of air pollutants, the biogenic emissions of VOCs and NO need to be estimated.
Biogenic emissions are important sources for VOCs. For example, in North America, biogenic VOC emissions are estimated to be more than seven times greater than anthropogenic VOC emissions [Guenther et al., 2000] . VOCs play a variety of important roles in the chemistry of the atmosphere, including enhancement in the production of peroxy (HO 2 and RO 2 ) radicals and organic aerosols. Biogenic VOCs react readily with available OH, which can control atmospheric reactivity, and further, impact the atmospheric lifetime of methane (CH 4 ), a greenhouse gas. In certain regions, it has been shown that biogenic VOCs play a key role in the reactions that form tropospheric ozone (O 3 ), which is both a pollutant and a greenhouse gas (e.g. Chameides et al., 1988; Fehsenfeld et al., 1992; Pierce and Novak, 1991) . O 3 formation, however, is non-linear. The co-location of anthropogenic sources of oxides of nitrogen (NO x ) with biogenic sources of reactive VOC (particularly isoprene) can generate large amounts of tropospheric O 3 , whereas biogenic sources located in areas without the presence of anthropogenic NO x will not (Ryerson et al., 2001) , and can in some instances reduce O 3 concentrations (e.g. Fiore et al., 2005) . The biogenic emissions are not uniformly distributed. In some regions, biogenic emissions are a major component of the total VOC and NO emissions, while in other regions they are minor contributors. Furthermore, the short lifetimes (minutes to hours) of natural VOCs in the daytime troposphere result in large spatial and temporal variations in natural VOC mixing ratios (Guenther et al., 2000) . To better understand air pollutants in China, a biogenic emission inventory with high spatial resolution is needed. Because isoprenoids (isoprene and monterpenes) are major contributors to total biogenic VOC emissions (Guenther et al., 2000) , and have important impacts on atmospheric oxidants and aerosols (Lack et al., 2003; Wiedinmyer et al., 2006) , isoprenoid emissions are considered as biogenic VOC emissions in this study.
In this paper, high horizontal resolution (10 × 10 km) biogenic emissions of isoprenoids (isoprene and monterpenes) and NO are estimated. First a method is described to estimate the biogenic emissions in China. Then the biogenic emissions are analyzed, including their budget, spatial distributions, and seasonal and diurnal variations. Furthermore, the biogenic emissions are compared to anthropogenic VOC and NO emissions to have some insight for the potential impact of biogenic emissions on ozone production in China. The paper is organized as follows: In Section 2, we will briefly describe the tools, including the dynamical WRF-Weather Forecast Model (WRF) and the biogenic models; in Section 3, the biogenic emissions are analyzed for China.
Method
In this section, the dynamical and biogenic emission models are described. According to the study by Guenther et al. (2000) , there are four major factors in controlling biogenic emissions of isoprenoids and NO, which are foliar density, landscape emission potential, an emission activity factor to account for instantaneous light and temperature conditions and an emission activity factor to account for longer term controls over emission variations. With the above considerations, the fluxes of the biogenic emission can be calculated using the following equation,
where ER i is the emission rate of chemical species i, A j is the area of vegetation class j, AEF ij is the area-based emission factor of chemical species i for vegetation class j for standard conditions (normally at 303 K and 1000 μE (ìmol m − 2 s − 1 ) of photosynthetically active radiation (PAR)), and ECF i (PAR, T, Ts) is a unitless environmental correction factor representing the effects of temperature (T), soil temperature (Ts) and solar radiation (PAR) on emission. Note that AEF is based on the net emission into the atmosphere and so considers any reduction in emission due to losses by canopy uptake. In the model, temperature, soil temperature, and solar radiation at each horizontal grid point are calculated at each time step. These dynamical parameters are used in Eq. (1) to calculate the emission rates. Each component of the equation used in this study will be described in the following sections.
Dynamical inputs (PAR, T, Ts) and land covers
Accurate prediction of biogenic emissions relies on accurate characterizations of land cover, surface temperature, soil temperature, and photosynthetically active radiation (visible solar radiation). In this study, dynamical parameters (surface temperatures, soil temperatures, and solar radiation) are calculated using a state of the art regional dynamical/transport model (the Weather Research Forecasting (WRF) model) developed at NCAR and NOAA in collaboration with other institutions. The model includes calculation of dynamical parameters (winds, temperature, boundary layer, clouds etc). The horizontal resolution of the model is flexible, ranging from a few km to several hundred km. A detailed description of the model can be found at the WRF web-site at http://www.wrf-model.org/index.php.
Detailed land use data (1 × 1 km horizontal resolution) from USGS (US Geological Survey) are included in the emission calculation in the WRF model. The categories of land use are listed in Table 1 . High biogenic isoprenoid emission potentials are confined to roughly 1/3 of woody tree species and are much less common in shrubs and grasses (e.g. Guenther et al., 1994) . To illustrate the vegetation distributions in China, we show in Fig. 1 shows the estimated vegetation distribution in China (excluding western China where there is almost no vegetation). Large forest area (mixed needleleaf and broadleaf forests) in China are located in northeastern, central eastern and southern China. There is a small tropical rainforest area in the Yunnan province 
The numbers are for averaged values from April to September, and the numbers in parentheses are for the values from October to March ("base" case). S + R: Schoenemeyer et al. (1997) . Z88: Zimmerman et al. (1988) . G94: Guenther et al. (1994) . K94: Klinger et al. (1994) . A1: Assumed to be zero. A2: Obtained from S + R's cropland and grassland values (0.5cropland + 0.5grassland). A3: Assumed to be the same as the mixed forest values.
(in southern China). Large areas of agricultural soil lands are located in central eastern China. In western China, there is very little vegetation canopy cover or agricultural lands. A description of the landcover type index and the corresponding standard emission factors (AEF in Eq. (1)) for isoprene, monoterpenes, and NO used for the model calculation are also shown in Table 1 . Note that the seasonal variation of foliar biomass of vegetations is considered and indicated in Table 1 . In this study, the WRF model calculates temperature and solar radiation every 60 s. The calculation of biogenic fluxes is saved in each hour, and then the monthly averaged fluxes are calculated in January, April, July, and October to represent winter, spring, summer, and fall conditions, respectively. The horizontal resolution of the model is 10 × 10 km centered in central China.
The temperature and light dependence
To calculate the environmental correction factor (ECF in Eq. (1)) representing the effects of air temperature (T), soil temperature (Ts) and solar radiation (PAR) on emissions, the algorithms of Guenther et al. (1993) are used to provide the emission fluxes of isoprene and monoterpenes under different temperature and solar radiation conditions. The study by Guenther et al. (1993) shows that the emissions of isoprene are strongly related to both temperature and solar radiation, but the emissions of monoterpenes are considered to be solely temperature dependent. As a result, the magnitude of the seasonal and diurnal variations of the emissions of isoprene is generally larger than for the emissions of monoterpenes.
Isoprene
According to Guenther et al. (1993) , the emission correction factor for isoprene emission (ECF I ) is described by the following equation:
where C L is the factor describing the response of emission rate to solar radiation and is defined as follows:
where α(=0.0027) and C Ll (=1.066) are empirical coefficients. L is photosynthetically active radiation (PAR). The response to temperature, C T , is described by the equation
where R is a constant (= 8.314 J K − 1 mol − 1 ). and C T1 (= 95,000 J mol − 1 ), and C T2 (= 230,000 J mol − 1 ) are empirical coefficients. T, Ts, and T M (314 K) are air temperature, soil temperature, and reference temperature, respectively.
Monoterpenes
The emission correction factor for monoterpene emissions (ECF M ) can in some cases be simulated by Eq. (2) and in other cases it follows the behavior described by Guenther et al. (1993) as:
where ECF M is the temperature correction factor for monoterpene emission rate at temperature T (K), Ta is a standard temperature (here 303 K), and β (= 0.09 K − 1 ) is an empirical coefficient. Baker et al. (2005) have recently demonstrated that monoterpene emissions from subtropical Chinese vegetation can be light-dependent but it is not known if this behavior is widespread in China. We have used Eq. (5) to simulate monoterpene emissions but recognize that additional measurements are needed to determine if a significant fraction of monoterpene emissions is light dependent.
Nitrogenmonoxide
Emissions of NO from soils might make an important contribution to NO x levels in remote areas (Skiba et al., 1992; Simpson et al., 1990; Stocker et al., 1993; Williams and Fehsenfeld, 1991) . Based upon the work of Pierce and Novak (1991) , the correction factor of NO is dependent upon the soil temperature, and the following formula is used to estimate the correction factor for NO biogenic flux:
where ECF NO is the correction factor for NO emission, and Ts is soil temperature (°C). Schindlbacher et al. (2004) suggested that the biogenic NO emissions change with soil moisture. In this study, Eq. (6) is used to simulate NO emissions but additional measurements are needed to determine if a significant fraction of NO emissions is moisture dependent.
Calculated emission fluxes
3.1. Horizontal, seasonal, and diurnal distributions Fig. 2A shows the calculated averaged isoprene emission fluxes in China for January, April, July, and October of 2004 respectively. In the following discussion, the reported fluxes are estimated for the total flux from each 10 × 10 km grid cell, and the calculated results in January, April, July, and October approximately represent winter, spring, summer, and fall conditions. Because of the complicated land coverage (desert, grassland, croplands, wood forest, etc.) and the wide range of the latitudes (from 15°N to 60°N) in China, there are considerable spatial and temporal variations in the isoprene emission fluxes (see Fig. 2A ). During January, the isoprene emissions are the highest in southern China where evergreen and deciduous forests have the highest density such as in Yunnan and Fujan (in southeastern China) Provinces. Note that during January, deciduous forests play important roles only in southern part of China. During April, due to the increase in both temperature and solar radiation, the isoprene emissions increase substantially throughout China. There are relatively high isoprene emissions in northeastern China where evergreen and deciduous forest density is very high in this high latitude region (latitude N 50°N). As temperature and solar radiation increases in July, the isoprene emissions reach the maximum values of the year, especially in the regions where evergreen and deciduous forest density is high, e.g. in southern and northeastern China. During October, the isoprene emissions start to decrease. The calculated total isoprene emissions are 0.18, 2.00, 5.05, and 0.47 Tg in winter, spring, summer, and fall, respectively, with an annual averaged value of 7.7 Tg year − 1 in China. The ratio of biogenic isoprene emissions between summer and winter is very large (about 27). This strong seasonal variation is due to the fact that the isoprene emissions are strongly dependent on the variability of both temperature and solar radiation. Table 2 shows that the estimated annual isoprene emissions fall between the values reported by Guenther et al. (1995) and Klinger et al. (2002) . The spatial distribution of monoterpene emissions is similar to the isoprene emissions (see Fig. 2B ), except that the magnitude of the emissions are smaller than the isoprene emissions. The calculated monoterpene emissions are 0.16, 0.81, 1.78, and 0.41 Tg in winter, spring, summer, and fall respectively, with an annual averaged value of 3.16 Tg year − 1 (see Table 2 ). The annual value is similar to the estimates of Guenther et al. (1995) and Klinger et al. (2002) shown in Table 2 . The annual mean monoterpene emission is about a factor of 2 times smaller than the annual mean isoprene emission in China. One reason to explain the smaller monoterpene flux is that the monoterpene emission factor from broadleaf forest and mixed forest is much smaller than the isoprene emission factor (see Table 1 ). The ratio of biogenic emissions of monoterpenes between summer and winter is about 11, which is also smaller than the ratio of isoprene. This is due both to a lack of light dependence for monoterpene emissions and also because isoprene emission has a stronger temperature dependence.
The spatial distributions of biogenic emissions of NO are different from the biogenic isoprenoid emissions (see Fig. 2C ). The biogenic emissions of NO are high in agricultural soil lands where fertilizer containing nitrogen is applied to the land and later released to the air in the form of NO. The geographic location of the high biogenic NO emissions is in northern, eastern, and southern China, co-located with high density agricultural soils. The calculated NO emissions are 0.68, 1.64, 2.25, and 1.40 in winter, spring, summer, and fall respectively, with an annual emission of 5.97 Tg year − 1 (see Table 2 ). The ratio of biogenic NO emissions between summer and winter is 3.3, which is much smaller than the ratio of isoprene and monoterpene emissions. As shown in Eq. (6), the magnitude of biogenic NO emissions is dependent on soil temperature, and the seasonal variation of soil temperature is normally smaller than that of the air temperature. In addition, the increase in NO per degree K soil Guenther et al. (1995) temperature is less than the increase in biogenic isoprenoids per degree K air temperature. As well as seasonal variability, there is also a strong diurnal variation in biogenic emissions. Fig. 3 shows diurnal variation of biogenic emissions of isoprene, monoterpenes, and NO. In general, biogenic emissions are highest at or shortly after noon and lowest at night. The isoprene emissions have the highest diurnal variability. During noontime, the isoprene emissions reach a maximum, and quickly reduce in the afternoon. During the night, the isoprene emissions are zero, as a result of the absence of solar radiation. As discussed in the following sections, this strong diurnal cycle has an important impact on ozone concentrations in China. Because the diurnal variability of the monoterpene emissions is only dependent on temperature in this study, the magnitude of the diurnal variability of monoterpene emissions is smaller than the emissions of isoprene. Unlike isoprene emission, the emissions of monoterpenes are not zero during the night. However, the emissions are much smaller during the night (with lower temperature) than the emissions during daytime (with higher temperatures). The ratio of the emissions between nighttime and noontime is approximately 0.5 (see middle panel of Fig. 3) .
The biogenic emission of NO is dependent on soil temperature (Pierce and Novak, 1991) , resulting in a weak diurnal variability. The ratio of the emissions between nighttime and noontime is approximately 0.8 (see lower panel of Fig. 3 ).
Comparison to anthropogenic emissions
The analysis by Tie et al. (2006) shows that the relatively low anthropogenic emissions of VOCs limit ozone production in eastern China during summer. As a result, the biogenic emissions of VOCs and NO can play important roles in controlling ozone concentrations in China. Thus, it is important to compare the biogenic ).
emissions to anthropogenic emissions to have some insight into the impact of biogenic emissions on tropospheric chemistry, especially ozone concentrations, in this region. Fig. 4 shows both the annually averaged anthropogenic VOC and biogenic isoprenoid emissions in China. The anthropogenic VOC emissions are obtained from the study of Streets et al. (2003) . The results show that the highest anthropogenic VOC emissions are mostly along the east coast of China, where there are high industrial activities and high-density population. There is also a clear indication that the VOC emissions have highest values in mega city areas, e.g. in Beijing, Shanhai, and Guangzhou. By contrast, the biogenic emissions of isoprenoids have highest values in highdensity forest areas, such as northeastern and southern China. The calculated annual averaged anthropogenic emissions of VOCs are 15.1 Tg year − 1 , and the biogenic emissions of isoprenoids are 10.9 Tg year − 1 . The total annual amount of biogenic emissions of isoprenoids is about 30% smaller than the anthropogenic emissions of VOCs. However, it is misleading to conclude that the smaller total annual biogenic emissions of isoprenoid play a less important role than the anthropogenic emissions, because the significant spatial and temporal variability of biogenic emissions of isoprenoids (see Figs.  2A,B and 3 ) could lead to important impacts on ozone concentrations in particular locations, where the biogenic emissions are much higher than the anthropogenic emissions. In addition to the different distributions, the relationship between ozone and VOCs is very complicated and non-linear (Sillman, 1995) . The co-location of anthropogenic sources of oxides of nitrogen (NO x ) with biogenic sources of reactive isoprenoids (particularly isoprene) can generate large amounts of tropospheric O 3 , whereas biogenic sources located in areas without the presence of anthropogenic NO x will not (Ryerson et al., 2001 ) and can, in some instances, reduce O 3 concentrations. As a result, the impact of biogenic emissions on the ozone is different when the biogenic emissions of isoprenoids are co-located with the anthropogenic emissions of VOC compared to when they are not. In order to address this issue, Fig. 5 shows the location of areas with significant (N 5 g m − 2 year − 1 ) anthropogenic and biogenic isoprenoid emissions. It shows that the areas with significant biogenic emissions of isoprenoids have almost no overlap with those with significant anthropogenic emissions of VOCs, indicating that the biogenic emissions of isoprenoids play an important role for the enhancement in ozone production in remote regions. However, in most industrial and populated areas, the enhancement of ozone production by biogenic emissions of isoprenoids is small. In addition to the strong spatial distribution, the strong temporal variability of biogenic emissions is another important factor in determining the importance of its role in ozone production. In polluted areas, ozone production is highest during noontime in the summer, resulting from the strong photochemical activities at that time (Zhang et al., 2004; Tie et al., 2006) . This also corresponds with the seasonal and diurnal cycles of isoprene and monoterpene emissions. Fig. 6 shows the diurnal variability of total annual biogenic and anthropogenic emissions of VOCs in China in summer. In the study of Streets et al. (2003) , there is no information regarding the seasonal and diurnal variation of anthropogenic emissions of VOCs. In order to compare the biogenic emissions to anthropogenic emissions of VOCs, we assume that (1) the seasonal variation of anthropogenic emissions of VOCs is constant, and (2) the daytime anthropogenic emissions of VOCs are 10 times higher than nighttime emissions. With these assumptions, we see from Fig. 6 that the biogenic emissions of isoprenoids are significantly larger than the anthropogenic emissions during daytime in the summer. During noontime when the rate of ozone production is at a maximum, the biogenic emissions of isoprenoids are more than 2 times higher than the anthropogenic emissions. This result demonstrates that even though the annual total of biogenic emissions of isoprenoids is smaller than the annual total of the anthropogenic emissions in China, the biogenic emissions could play an important role in controlling ozone production due to large spatial and temporal variability of biogenic emissions. Fig. 7 shows the annual averaged anthropogenic and biogenic NO emissions over China. Similar to the anthropogenic VOC emissions, the anthropogenic NO emissions are also mostly located along the east coast of China. The calculated annual averaged total anthropogenic emission of NO is 11.5 Tg year − 1 , and the total biogenic emission is 5.9 Tg year − 1 . The ratio of biogenic emissions to anthropogenic emissions is about 0.5. The highest biogenic NO emissions are located in southern China, where the high soil temperature and highly populated agricultural areas with associated activities produce the highest biogenic emissions of NO. In central eastern China, the biogenic NO emissions are high, while the biogenic isoprenoid emissions are low, resulting from high-density agriculture and little forest area. The satellite measurements (GOME, Global Ozone Monitoring Experiment) show that in central eastern China, there are very high NO x concentrations, and the high NO x concentrations play important roles in regulating ozone concentrations (producing ozone in the summer and destroying ozone in the winter) (Zhao et al., 2006) . Fig. 8 shows the spatial locations of anthropogenic and biogenic NO emissions and the overlapped areas of both emissions. It shows that in central eastern China, the biogenic NO emissions are largely overlapped with the anthropogenic emissions of NO. As a result, the biogenic NO emissions enhance the total annual NO emission in central eastern China, implying that biogenic NO emissions could be important to ozone regulation in this region. In general, the biogenic emissions of NO are largely overlapped with the anthropogenic emissions of NO, while the biogenic emissions of isoprenoids are not overlapped with the anthropogenic emissions of VOCs in China.
Estimate of uncertainty and future biogenic emissions over China
There is uncertainty related to the estimation of emission factors listed in Table 1 . Wang et al. (2005a,b) report that various estimates of emission factors differ by ∼ 35% and that uncertainties in landcover distributions and associated emission factors are a major component of the total uncertainties associated with biogenic emissions. In order to assess the effect of uncertainty of emission factors on the biogenic emission inventory, the emission factors are compared with those developed for China by Wang et al. (2005a,b) and He et al. (2004) (see Table 3 ). This "new" estimate of biogenic emission is compared to the "base" estimate inventory of isoprenoids. Fig. 9A shows the large difference of isoprenoid emissions between "new" and "base" occurring in central China, with a maximum increase of 20 × 10 10 mol# cm − 2 s − 1 for isoprene emission. The estimated emissions of isoprene are 2.2 Tg and 1.7 Tg and the estimated emissions of monoterpenes are 0.8 Tg and 0.6 Tg in July using "new" and "base" emission factors, respectively. The "new" estimation of isoprene and monoterpenes emissions is about 29% and 33% higher than the "base" estimation, respectively, which are within the uncertainty range of the ∼ 35% as suggested by Wang et al. (2005a,b) .
Another important issue regarding the estimated biogenic emission is that the vegetation cover in Chinese landscapes has changed dramatically over the past centuries and is expected to continue to change considerably in the next 20 to 50 years. The past changes are primarily associated with the replacement of forests by croplands and urbanization in Eastern China. This is expected to have resulted in a large decrease in biogenic isoprenoid emissions and an increase in biogenic NO emissions. The current trend in China is an increase in forest plantations in the countryside, and vegetation covered areas within urban zones and the planted trees tend to have very high isoprenoid emission rates (Klinger et al., 2002; Geron et al., 2006) . The result is some landscapes with emission rates that are much higher than the natural forest landscape (Klinger et al., 2002) . Geron et al. (2006) describe the substantial landcover changes that are expected to occur Table 3 Categories of USGS land cover, and the emission rates for isoprene, monoterpenes (Cμg/m The emission factors were derived from the biogenic emission inventory described by Wang et al. (2005b) ("new" case). The numbers in parentheses are the assumed biogenic emission rates in the future due to predicted land-cover changes in China.
in China in the next few decades. It is important to estimate future biogenic emissions when developing pollution mitigation strategies because assumptions about biogenic emissions could potentially change the optimal control strategy. This is especially important in China where the O 3 production in some areas is currently VOC limited, but may not be if biogenic isoprenoid emissions increase substantially. A simple scheme is applied to estimate potential future biogenic emissions in China (Table 3) . We have adjusted the emission factors assigned to each landcover type to reflect the expected change in emissions associated with the landcover changes summarized by Geron et al. (2006) . As we evaluate potential future chemistry scenarios for the purpose of better understanding the drivers and impacts and designing pollution control strategies, it is important to consider the potential changes and impacts of biogenic emissions. We understand that these estimates of future emissions are highly uncertain, but present these potential emission scenarios to show the importance of possible changes of biogenic emission in China. Fig. 9B shows the estimated changes between current and future emissions of isoprene and monoterpenes for July. It indicates that both the isoprene and monoterpene emissions increase significantly, especially in central eastern China where large croplands are currently located in these regions with a maximum increase of 40 × 10 10 mol cm − 2 s − 1 for isoprene emissions. The monthly flux of isoprene emission is about 3.3 Tg in July which is a 94% increase compared to the current emission estimates. The monthly flux of monoterpene emissions is about 0.9 Tg, which is a 50 % increase compared to the current emission. More importantly, because most increases in biogenic emissions are located in central eastern China where ozone formation is strongly VOC limited , the large increases in biogenic VOC emissions could lead to significant increases in ozone chemical production in this region. (Table 3 ) and "base" (Table 1) isoprene and monoterpene emission data base in July. (B) Calculated differences between estimated future and current isoprene and monoterpene emissions (mol# cm − 2 s − 1 × 10 10 ) in July. The differences are based on assumed land cover changes shown in Table 3 .
Summary
The study shows that the annual averaged total annual biogenic emissions of isoprenoids (isoprene and monoterpenes) are 10.9 Tg year − 1 and the biogenic emissions of NO are 5.9 Tg year − 1 with strong spatial and temporal variability. In winter (January), the biogenic emissions are lowest as a result of lower temperature and sunlight, and highest in summer (July) due to the increase in temperature and sunlight. The biogenic emissions of NO are also high during summer, and low during winter, with a smaller seasonal variation compared to the emissions of isoprene and monoterpenes. Because the biogenic isoprene emissions depend upon solar radiation, the isoprene emissions have the greatest diurnal variability with highest emission during noontime, and lowest during night. The magnitude of the diurnal variability of emissions of monoterpenes is smaller than that of emissions of isoprene. Compared to anthropogenic emissions, the biogenic emissions of isoprenoid and NO are smaller than anthropogenic emissions of VOCs and NO by 30% and 50%, respectively. The biogenic emissions of NO are largely co-located with the anthropogenic emissions of NO in China, while the biogenic emissions of isoprenoids are not overlapped with the anthropogenic emissions of VOCs. Although total annual biogenic emissions (10.9 Tg year − 1 ) of isoprenoids are smaller than the anthropogenic emissions (15.1 Tg year − 1 ) in China, the strong seasonal and diurnal cycles of biogenic emission could have important impacts on ozone concentrations. For example, during daytime in summer when the rate of ozone production is at a maximum, the biogenic emissions of isoprenoids are significantly larger than the anthropogenic emissions. Emissions estimated using alternative emission factors differed from the base study by less than 35% and were within the range suggested reported by previous studies. Finally, the future emissions of isoprene and monoterpenes are estimated based on future changes in land cover. The results show that the estimated future biogenic emissions may significantly increases in central eastern China, which could have a significant impact on ozone formation in this region. These estimates of potential emission scenarios are highly uncertain, but the results are presented to show the importance of possible changes in biogenic emissions in China.
